We have applied tests for detecting recombination to genes of foot-and-mouth disease virus (FMDV). Our approach estimated summary statistics of linkage disequilibrium (LD), which are sensitive to recombination. Using the genealogical relationships, rate heterogeneity and mutation parameters estimated from individual sets of aligned gene sequences, we simulated matching RNA sequence datasets without recombination. These simulated datasets allowed for recurrent mutations at any site to mimic homoplasy in virus sequence data and allow construction of null distributions for LD parameters expected in the absence of recombination. We tested for recombination in two ways: by comparing LD in observed data with corresponding null distributions obtained from simulated data; and by testing for a negative relationship between observed LD between pairs of polymorphic nucleotide sites and inter-site distance. We applied these tests to six FMDV datasets from four serotypes and found some evidence for recombination in all of them.
Examining sequence data for recombination is important because only when it is absent are direct inferences from phylogenies, or those derived from phylogenetically based methods of analysis, likely to be reliable (e.g. Anisimova et al., 2003) . A number of methods have been developed that detect recombination from nucleotide data (compared by Wall, 2000; Posada & Crandall, 2001 ; reviewed by Awadalla, 2003) . Some examine sequence alignments for a few discrete recombination events between distantly related genotypes (e.g. Maynard Smith, 1992; Grassly & Holmes, 1997; Holmes et al., 1999) , but other approaches are required if recombination occurs frequently between closely related lineages. Coalescent-based population genetic methods have been developed for when mutation is rare (e.g. Hudson, 1987; Hey & Wakeley, 1997) , but these methods are likely to overestimate recombination rate when applied to virus sequences in which mutation rates are high. Recently, new methods have been proposed to tease these two confounding processes apart (Worobey, 2001; McVean et al., 2002) that are more suitable for the analysis of RNA virus sequence data in which the frequency of multiple mutations at the same site is high.
One frequently applied test for the presence of recombination is to examine the relationship between the level of linkage disequilibrium (LD) between tightly linked sites and those spaced further apart within the sequence (Schaeffer & Miller, 1993; Conway et al., 1999; Awadalla & Charlesworth, 1999; Hudson, 2001; McVean et al., 2002) . LD is a measure of the correlation between the occurrence of genetic markers (e.g. nucleotides, restriction sites or alleles) at different sites in the genome measured across multiple genomes. Recombination occurring between two sites will usually reduce the LD between them. Since the recombination rate is likely to be higher between more physically distant pairs of sites, the result will be a negative relationship between estimated LD associated with pairs of bipolymorphic sites (those at which just two nucleotides are present) and the number of nucleotide sites separating them (Fig. 1) .
However, mean levels of LD may also be informative of recombination rate. Using realistic models of nucleotide substitution, simulation can be used to predict expected distributions of LD in the presence of high mutation rates. There are two possible approaches. The first is to simulate the full genealogical process underlying the observed data using a coalescent population genetic model (e.g. McVean et al., 2002) . Coalescent models use parameters estimated from sequence alignments to simulate the fusion (or coalescence) of different genetic lineages -in a sense, running the phylogenetic branching process in reverse, until only the single common ancestor to the whole phylogeny remains.
The advantage of this approach is that quantitative estimates of the recombination rate can be obtained by maximizing the goodness-of-fit of the model to the sequence data. The disadvantage is that coalescent models also require that specific assumptions be made about demographic processes -which for viruses are likely to be very complicated and about which we know rather little. Biases in the estimate of recombination rate might arise if assumptions made about the underlying genealogical process are not met. The second approach (adopted here) estimates levels of LD arising among sets of sequences in the absence of recombination and tests whether this level is significantly higher than that observed (e.g. Worobey, 2001) . The parameters of a mutation model can be estimated directly from the data and simulated datasets can be created assuming genealogical relationships estimated from the observed phylogeny. No assumptions need be made about demography or the underlying genealogical processes.
Foot-and-mouth disease virus (FMDV), in the family Picornaviridae, is a widely distributed disease of clovenhoofed animals, occurring as seven serotypes: A, O, C, Asia 1 and SAT (South African Territories) types 1, 2 and 3. Acute FMDV infections of domestic animals are usually of only 2-3 weeks' duration, which limits the opportunity for both accumulation of de novo genetic variation and multiple infections by different genotypes. However, more persistent subclinical infections may establish in cattle and particularly of SAT type viruses in African buffalo (Syncerus caffer) from which virus may be recovered for 2-5 years after time of first infection.
Evidence from several genera within the family Picornaviridae suggests that occasional recombination between distantly related genomes has been important in the genetic history of this group (e.g. Brown et al., 2003; Liu et al., 2003; Yang et al., 2003) . In FMDV, strong evidence exists for historical between-serotype recombination (Krebs & Marquardt, 1992; van Rensburg et al., 2002) and a withinserotype recombinant has been identified by Tosh et al. (2002) . However, it is not clear from these observations whether recombination is persistently high but only occasionally detectable, or whether it is actually a rare event. High rates of intragenic recombination will lower the resolution of phylogenetic inference and serve to generate antigenic novelty in areas where multiple strains cocirculate. Laboratory studies of FMDV and other picornaviruses suggest that recombination could be very common during infection (King et al., 1985; King, 1988) . If it is, the epidemiology of FMDV dictates that most recombination is likely to be between virus genes of high sequence identity and hence only detectable at the virus 'population level' through a general lowering of LD.
For each dataset considered, we calculated the correlation between the occurrence of different nucleotides at different sites using the Hill & Robertson (1968) 
calculated for all pairs of sites segregating for two nucleotides (where D~p AB p ab {p aB p Ab ; the notation is conventional: p AB represents the frequency of alleles with nucleotide A present at the first site and B present at the second, p A represents the frequency of nucleotide A at the first site, etc.). We also calculated D9, a measure of degree of association between nucleotide Sites shown are all bi-polymorphic (just two nucleotides occur at each site), but site 1 is a singleton -the bi-polymorphism is represented in just one sequence (sequence i). Sites 2 and 3 are in full LD with each other (r 2 =1, D9=1, T at site 2 is never found with C at site 3, nor A at site 2 with G at site 3). However, a recombination event occurring between genomes (ii) and (iii) at a position between sites 3 and 200 would cause the complete elimination of LD (r 2 =0, D9=0) between sites 2 and 300 and 3 and 300 (since all four combinations of nucleotides are consequently observed at each pair of sites). Thus recombination results in a negative relationship between LD and inter-site distance. Note that multiple mutation at the same site will also weaken LD, but the extent to which it does so can be predicted from the overall incidence of nucleotide substitution.
variants of different polymorphic sites, where D
0~D
D max and D max is the largest possible value of D given the nucleotide frequencies (Brown, 1975; Lewontin, 1988) . The correlation between both pairwise measures of LD and distance, d ij , for pairs of polymorphic sites was evaluated using the standard Pearson correlation coefficient and significance was determined using a Mantel test (randomizing the position of sites; Manly, 1986) . The value from the actual sequence data was compared with the distribution of coefficients from randomized sets of data and was considered significant at a given level if its absolute magnitude exceeded the 95th percentile. Mean values of r 2 and D9 were computed over all bi-polymorphic pairs of sites within each dataset and denoted r r The methodology that follows is conceptually similar to the 'informative sites' test of Worobey (2001) except that we used LD rather than numbers of informative sites as a test statistic. Phylogenetic tree topology was estimated for each dataset using DNADIST and FITCH in the PHYLIP package (Felsenstein, 1993) . This topology was then used to make maximum-likelihood estimates of branch lengths, rate heterogeneity (a) and transition-transversion ratio (k/2) using the HKY85 model of base substitution (Hasegawa et al., 1985) as implemented in BASEML in the PAML package (Yang, 1997) . The analysis was restricted to 3rd codon base positions to remove as far as possible the influence of selection. Having arrived at final estimates of k, a and branch lengths for each dataset, we used these parameters to simulate 500 equivalent datasets using the EVOLVER program (again using the HKY85 model) from the PAML package. We compared observed values of LD statistics from each real dataset with corresponding distributions of LD statistics obtained from each set of 500 simulated datasets and thereby inferred which observed values of LD differed significantly from expectation under the hypothesis of no recombination.
We examined six sets of sequences of FMDV VP1 genes from four different serotypes, SAT-1, -2 and -3 (where most of the isolates are from, or closely related to, isolates from African buffalo) and serotype O (all recovered from infections of domestic livestock). The data and its origins are described in Table 1 . Prior analysis (using PLATO; Grassly & Holmes, 1997) revealed that there was no largescale heterogeneity in these alignments and thus no obvious evidence for genetically distinctive recombinants. Because population structure tends to increase LD, the largest dataset was broken down into those arising from smaller geographic regions. As an indication of the effectiveness of these methods for detecting recombination, we subjected four additional datasets to identical analyses ( (Wise et al., 1998) and dataset J, rabies virus N gene sequences isolated from bats in the USA (Smith, 2002) . The HIV datasets were purportedly recombining, whereas the mtDNA and the negative-strand rabies virus were considered less likely to be recombining.
Parameters estimated and used in the simulation of the data are reported in Table 1 . If recombination was present in the original data, it is possible that our estimates of rate heterogeneity (derived from the estimated phylogeny) have been overestimated. However, adoption of too much rate heterogeneity in our simulations would tend to reduce DThe maximum-likelihood estimate of rate heterogeneity, a, estimated simultaneously with the branch lengths. dThe maximum-likelihood estimate of the transition-transversion parameter k, estimated simultaneously with a and branch lengths. The statistics in the last three columns apply to third-base positions only.
predicted LD in the absence of recombination and render our conclusions conservative.
Analyses were performed using all bi-polymorphic sites and then with low frequency variants (singletons, where the polymorphism is maintained in just one sequence; doubletons, maintained in two sequences; and tripletons, maintained in three sequences) progressively removed. Table 2 shows LD statistics for all datasets. Two-thirds (4/6) of the FMDV datasets indicated at least one significantly negative correlation (at the 5 % level) between the Hill & Robertson measure of LD (r 2 ) and inter-site distance, and one half (3/6) of the datasets indicated significantly negative relationships (at the 5 % level) between D9 (a differently scaled measure of LD) and inter-site distance, both suggestive of recombination. These findings were supported by the low levels of mean LD observed in the FMDV data compared with datasets simulated in the absence of recombination (e.g. Fig. 2 ). The differences increase in magnitude as low frequency polymorphisms are filtered out. When all bi-polymorphisms are considered, r r (Table 2 ) compared with their simulated counterparts and all but one of the datasets (SAT-1, Set i) indicated significant reductions for either r 2 or D9 at some level of polymorphic screening.
Both HIV datasets, but particularly dataset G, exhibited significant negative relationships between r 2 and inter-site distance (Table 2 ) and both were characterized by reduced LD in comparison with the matched simulations, although the statistical significance of these reductions was weak (Table 2 ). In contrast, neither the P. troglodytes verus mtDNA COII dataset nor the rabies virus N gene alignment revealed any evidence of recombination, with no negative relationship between LD and inter-site distance and no significant deviations of mean LD estimates from the simulated expectation that were suggestive of recombination (Table 2) , even though the sequences from these datasets are approximately twice as long as the FMDV sequences.
There are a number of reasons to suppose this form of analysis may be robust. While it requires parameter estimates of the mutation model, Worobey (2001) concluded that his simulations, conducted in an almost identical way, were robust to probable levels of uncertainty in parameter estimation. Patterns of virus demography may affect tree shape (Schierup & Hein, 2000) but direct use of recovered phylogenies insulates our conclusions from effects of population demographics on the genealogical process. Overestimating rate heterogeneity (because of recombination events unaccounted for in the estimation of phylogeny) will result in less, not more, LD in simulated data, rendering our inference process conservative. Finally, it is not easy to envisage ways in which positive or purifying selection might result in a reduction in LD at 3rd base positions.
Our proposed methodology falls short of quantifying the extent of recombination in FMDV responsible for the identified linkage deficit. However, while quantitative estimates of recombination rates would be extremely valuable, currently the only way to estimate them from nucleotide data requires specifying a coalescent model. For example, the method described by McVean et al. (2002) assumes a Fisher-Wright population genetic model (constant population size, no selection, no migration, non-overlapping generations) and as a result two sources of uncertainty are incurred: (i) a known additional variance in estimates of recombination rate arising from genealogical variability introduced by this model; and (ii) a largely unknown sensitivity to the inevitable violations of the assumptions made by this particular model when applied to FMDV.
Sequences of SAT serotypes, particularly those from or closely related to isolates from African buffalo -which may remain infected for years -may present the virus with greater opportunities for observable recombination than isolates of other serotypes, which are usually associated with shorter more acute infections. Results from these analyses suggest that frequent recombination between genetically closely related genotypes may be a plausible explanation for the low levels of LD characteristic of the FMDV alignments examined here.
